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Abstract
In this contribution a resonating sensor for viscosity and mass density facilitating measurements at diﬀerent fre-
quencies is presented. A sample liquid is subjected to time harmonic shear stress induced by two opposed vibrating
polymer membranes. These membranes, placed in an external static magnetic ﬁeld, carry two conductive paths each.
The ﬁrst path is used to actuate the membranes by means of Lorentz forces while the second acts as a pick-up coil
providing an induced voltage representing the movement of the membrane. From the resulting frequency response
the liquid’s viscosity and mass density can be obtained. This double membrane based setup allows to examine the
test liquid at adjustable frequencies in the low kilohertz range from 500 Hz to 20 kHz. This novel sensor design is
suitable, e.g., for low cost handheld devices with inline capabilities and disposable sensor elements.
c© 2010 Published by Elsevier Ltd.
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1. Introduction
The viscosity of a ﬂuid is a measure of its tendency to dissipate energy when it is perturbed from equilibrium by
a force ﬁeld. Thus, viscosity plays an signiﬁcant role in any ﬂuid motion described by the Navier-Stokes equations.
As viscosity is an extremely important property for many technological and scientiﬁc applications, it has been subject
of an enormous eﬀort of measurement, correlation, and interpretation. However, no primary method requiring no
calibration could be found so far. Methods for which working equations relating the viscosity to measured parameters
are available but where the values of some of these parameters must be obtained by an independent calibration with
known standards, are called quasi-primary. In general, there exist six diﬀerent groups of viscosity measurements:
capillary ﬂow, falling body, torsionally oscillating quartz crystal, vibrating wire, oscillating body, and surface light
scattering spectroscopy [1].
In previous works the idea of a double membrane based rheometer was introduced [2]. The main advantages
of this sensor concept are that it allows inline sensing and second, due to low cost fabrication, these sensors can be
used as disposable elements for application in medical analysis, or the monitoring of crystallization or polymerization
processes [3]. In [4] a ﬁrst prototype and measurement results were presented. The modeling of the senor utilizing
a semi-numerical modeling approach in the spectral domain was presented in [5]. The insights obtained by the
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Figure 1: In (a) the exploded view of the double membrane rheometer is illustrated. Two polymer membranes carrying conductive paths for
excitation and readout are bonded to the particular rigid top and bottom plate. The distance of both membranes is determined by the height of
the spacer between both senor parts. The arrows indicate the direction of the external magnetic ﬁeld. In (b) the deﬂection of the membranes in
the (2,1)-eigenmode is depicted. Depending on the direction of the electric current in the particular excitation path, the deﬂection can either be
symmetric (opposite direction) or antisymmetric (same direction).
experimental results of ﬁrst prototypes demanded a redesign of the sensor assembly to achieve several improvements.
First, there was a need to increase the repeatability and the sensor’s sensitivity. Second, a design avoiding air bubbles
within the test liquid, which moreover does not suﬀer from leakage had to be found. Third, new measurement series
should be compared with theoretical ﬁndings from, e.g., [5] and conﬁrm the latter. Additionally, an appropriate
closed-form model representing the sensor’s frequency behavior and thus relating to the liquid’s viscosity should be
devised.
2. Sensor Principle
In Fig. 1(a) a schematic of the redesigned sensor is depicted. The major change compared to ﬁrst prototypes is
the now open, fork-like assembly which is immersed into the test liquid. This open design avoids any air bubbles and
facilitates a reduction of the sensor’s width thus resulting in a smaller air gap within the magnetic circuit. This smaller
gap and a complete revision of the magnetic circuit yield an enhancement of the magnetic ﬂux density from 150 mT to
approximately 1 T which quadratically improves the sensitivity [6]. A sinusoidal electrical current through the mem-
branes’ excitation paths being placed in an external static magnetic ﬁeld provided by a neodymium permanent magnet
assembly is used as input or excitation signal driving the sensor. By means of Laurentz forces, the (2,1)-eigenmode
of the membranes is excited (Fig. 1(b)). The membranes are deﬂected either symmetrically or antisymmetrically
depending on opposite or equal direction of the electric current through the membranes’ excitation loops. Thus, two
diﬀerent deformation ﬁelds can be applied, each leading to diﬀerent resonance frequencies and response to viscosity
and mass density. This viscosity- and mass-density-dependent oscillation of the membranes is represented via the
induced voltage in a second conductive path (pick-up coil) close to the excitation loop. The voltage is measured with
a lock-in ampliﬁer setup allowing the analysis of both amplitude and phase relation between the excitation and readout
signals. The excitation frequency is varied to record the frequency response in the range of interest (starting at 500
Hz, up to 20 kHz). The measured frequency response is used to identify the parameters of a closed-form model with
which the resonance frequency and the Q-factor are determined. With the knowledge of these parameters the liquid’s
properties viscosity and mass density can be obtained.
3. Fabrication
The conductive paths on the membrane are realized by photolithography and wet etching of a 100μm thick
polyester based sheet coated with a 2μm copper layer. The dimensions of the membranes are 30 × 11.8mm2 with
a vibrating area of 12 × 5.6mm2. Pressure sensitive adhesive (PSA) foils cut with a digital craft cutter [7] are used
to bond the membranes with the rigid top and bottom plate and the spacer which determines the gap between both
membranes.
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Figure 2: In (a) the frequency response of one membrane being excited (the other remaining unactivated) is depicted for the case of DI water.
Illustrated are the results for both, upper and lower membrane. When both membranes are activated, lower resonance frequencies (2.2 kHz) remain
in the case of symmetric mode, where higher frequencies (13 kHz) remain for antisymmetric mode. In (b) a comparison of the measured data with
the identiﬁed model eq. 1 for the viscosity standard S3 (3.3 mPa.s @ 25 ◦C) in the symmetric mode is depicted.
4. Modeling
A purely numerical approach to the modeling of the ﬂuid structure interaction, using ﬁnite element analysis,
turned out to be inappropriate as the penetration depth of shear waves emerging from the vibrating membranes is
much smaller as the membrane’s planar dimensions. A very ﬁne discretization is thus required to resolve the very low
penetration depth resulting in a tremendous number of ﬁnite elements for discretizing the vibrating area. A modeling
approach based on the Fourier method was developed in [8]. There, the numerical eﬃciency is greatly improved,
and the two diﬀerent modes of operation and the response to viscosity and mass density is outlined. A drawback
of this method for the modeling of this device is that it causes severe problems to correctly incorporate the required
clamped boundary conditions for the diaphragm [3]. As an alternative, an empirical closed-form model has been
devised describing the sensor’s frequency response (Fig. 2(b)).
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· s · e a s (1)
Here, s is the Laplace variable and A, ω1, d1, ω2, d2 and a are the parameters to be identiﬁed. A is the ampliﬁcation.
The denominator of the fraction (which is the transfer function of a mechanical oscillator) incorporates the ﬁrst
(concave) resonant behavior. The numerator accounts for the second (convex) shape. The multiplication by s yields
the +20 dB/dec slope and results from the induced voltage in the readout path. The last term considers potentially
present phase shifts and delays. After identiﬁcation, Q-factor and resonance frequency of the mechanical oscillator
are determined relating viscosity and mass density of the examined ﬂuid.
5. Results
If only one of both membranes is actuated, a frequency response with two resonances is obtained (Fig. 2(a)). When
both membranes are excited, one of these resonances remains and the other vanishes, where symmetric excitation
maintains the lower, antisymmetric the higher resonance frequencies. By increasing the gap between both membranes
the resonance frequencies can be shifted to the right. For example, a gap of 300μm yields 2.2 kHz and 13 kHz, a gap
of 580μm 3.6 kHz and 15 kHz. Furthermore, the symmetric mode is more sensitive to low viscous liquids (1mPas
to 500mPas) whereas the antisymmetric mode is suitable for higher viscous liquids and mass density sensing [9]. In
Fig 3(a) the results for diﬀerent test liquids are illustrated. With the identiﬁed parameters of the empirical model, the
relative change of the Q-factor is derived and related to the liquid’s viscosity (Fig. 3(b)).
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Figure 3: In (a) the frequency response in symmetric mode for four diﬀerent viscosity standards (s3, n14, n44, n415, Cannon Instrument
CompanyR©) @ 25 ◦C is depicted. The viscosity has a negligible eﬀect on the resonance frequency but on the damping. In (b) a comparison
of the evaluated relative Q-factors for symmetric and antisymmetric mode versus dynamic viscosity is illustrated.
6. Conclusion
By redesigning the ﬁrst prototype of the double membrane based rheometer presented in [4] to an open fork-like
assembly, the formation of air bubbles is avoided. The sensor’s sensitivity is increased by optimizing the magnetic
circuit yielding air gap ﬂux densities up to 1 T. Nevertheless, it is noted that closed sensors facilitate more convenient
handling. Newmeasurement series were compared with theoretical ﬁndings and aﬃrm the latter. An empirical closed-
form model representing the sensor’s frequency behavior is used to relate to the liquid’s properties liquid viscosity
and mass density. Regarding future work, it is desirable to bond the membranes with ultrasonic welding technique
to increase the senor’s repeatability. Furthermore, a diﬀerent membrane design where excitation and readout are
combined in only one conductive path (similar to a wire viscometer as e.g., in [10]) should be investigated.
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